
MAGNETI C FIELDS IN NORMA L GALAXIES
AND PROSPECTS FOR THE SQUARE KILOMETER ARRAY

R. BECK

Max-Planck-Institutfür Radioastronomie
Auf dem Hügel69
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Grand-design, flocculent and even irregular galaxieshost interstellar magnetic fields with a well
orderedspiral structure. In grand-designgalaxiesthe fieldsarealignedparallel to theoptical spiral
arms, but the strongest regular fields are found in interarmregions, sometimesforming “magnetic
spiral arms” betweenthe optical ones. Magneticfields in the optical spiral armsare strong but
irregular, dueto tangling by processesrelatedto star formation. Faradayrotation of thepolarization
vectorsshows patternswhich supporttheexistenceof coherentlarge-scale fields in galactic disks,
signaturesof dynamoaction. In barredgalaxies the magnetic field seemsto follow the gasflow
within the bar. However, the location of the shock front in the magnetic field deviatesfrom that
expectedfrom hydrodynamicalmodels. Within (andinterior to) thecircumnuclearring the field is
again of spiral shapewhich leadsto magnetic stresses, possibly drivinggasinflow towardstheactive
nucleus. TheSquareKilometer Array should be able to revealthe wealth of magnetic structuresin
galaxies.

1 Intr oduction

Linearlypolarizedradiocontinuumemissionis apowerful tool to studythestrengthand structureof
interstellarmagneticfields in galaxies.Cosmic-ray electronsspirallingaroundthefield linesemit
synchrotronradiation,thedominantcontribution to radiocontinuumemissionat centimeterand
decimeter wavelengths.If cosmic-rayelectronssuffer strongenergy lossesvia synchrotronemission,
synchrotronintensitydependsmainly on theproductionrateof cosmic rays[1]. In suchacasethe
synchrotronradiospectrumshowsasteepeningwith decreasingwavelengthwhich,at centimeter
wavelengths,isobserved only in a few galaxies,e.g. NGC 2276with its exceptionallystrongmagnetic
field [2]. In asample of 74spiral galaxiesno tendency of thesynchrotronspectralindex � to steepen
with increasingmagneticfield strengthwasfound[3]. The averagevalue is � � � � � � � � � � �

, with a
standarddeviation of 0.13 [4]. In conclusion,most galacticspectraarenot significantlyaffectedby
synchrotron(or inverseCompton)losses,andsynchrotronintensitydependson thetotal field
component� 	 
 � in theplane ofthesky with at leastthepower ( �  � ). Thedependenceis stronger
( � � � � �	 
 � ) if equipartitionbetweencosmic-ray and magneticfield energy densitiesholds.Equipartition
is probablyvalid onscalesof a few kiloparsecs,but may beviolatedon smaller scales[5] and in
stronglyinteractinggalaxies[2].

A mapof thetotal radiointensity(Fig. 1) isamap of thetotal interstellar magneticfieldsilluminatedby
cosmic-ray electrons, polarizedintensity(Fig. 2a) revealstheresolvedregular field. Small-scale
variationsin radiointensityaremainly dueto variationsin field strength.Thevisibility of fields is
limited by thediffusionlengthof cosmic-rayelectronsof a few kiloparsecsfrom their birthplacesin
star-forming regions. Thusmagneticfields maystill bestrongfar away from radio-brightregions.
Using Faradayrotationmeasuresof backgroundsources,regularfields canbedetecteduntil large
distancesfrom a galaxy’s centerif ahaloof ionizedgasexists. In M31, for example, theregularfield is
stronguntil at least25 kpc radius[6].
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Figure1: Total radio emission of M83 and � –vectorsof polarizedemission at � � � � cm (VLA, � � � � synthesized
beam),combinedwith the extendedemission observed with the Effelsberg 100-mtelescope( � � � � resolution) and
superimposed onto an optical imageof D. Malin (AAO). The length of � –vectors is proportional to polarized
intensity. Faradayrotationhasnotbeencorrectedasit is below � � ¦ (Beck,Ehle,Sukumar& Allen, in prep.)

2 Depolarization and Faraday rotation

Synchrotronemissionis highly linearly polarized,intrinsically70–75%in a completelyregular
magneticfield. Theobservable degreeof polarizationin galaxiesis reducedby Faraday
(wavelength-dependent) depolarizationin magnetizedplasma clouds,by geometrical
(wavelength-independent) depolarizationdueto variationsof themagneticfield orientationacrossthe
telescopebeamandalong theline of sight, and bya contribution of unpolarizedthermal emission(on
average10–20%atcentimeterwavelengths,up to 50%locally). Typical fractionalpolarizationsin
galaxiesarelessthana few percentin centralregionsandspiral arms,20–40%in betweenthespiral
armsandin outerregions.Thus,polarizedradiointensitiesare weak,and only thelargesttelescopesare
sufficiently sensitive to detectthem. TheEffelsberg 100-msingle-dishtelescopeprovidesanangular
resolutionof � � � �

at � � � � cmand
� � � � at � � cm(Fig. 5). Synthesistelescopes(VLA, ATCA, WSRT) offer

higherangularresolutionbut misslarge-scalestructuresin extendedobjectslike nearbygalaxies.
Missingflux densityin StokesQ and U mapsleadsto wrongpolarizationangles.Combinationof
single-dishandsynthesisdatain all Stokesparametersis required(Figs.1, 2a and 4).

The � –vectorsof linearly polarizedemissionjust indicateanisotropyof themagneticfield distribution
in theemissionregion. Imaginethatamagneticfield without any regularstructure(anisotropicrandom
field) is compressedin onedimensionby ashock.Emissionfrom theresultinganisotropicfield is
linearly polarizedwith ordered� -vectors,but thefield is incoherent, i.e. it reversesits direction
frequentlywithin thetelescopebeam. Faradayrotation measures ( �  ) are essentialto distinguish
betweencoherentandincoherentfields. Thesign of �  gives thedirectionof thefield component
alongtheline of sight.
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NGC6946   6.2cm   Polarized Intensity + B-vectors   (VLA+Effelsberg) 

D
E

C
L

IN
A

T
IO

N
 (

B
19

50
)

RIGHT ASCENSION (B1950)
20 34 30 15 00 33 45 30 15

60 04

02

00

59 58

56

54

NGC6946   18cm   Polarized Intensity   HPBW=15"   (VLA) 
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Figure2: 2a (left) Polarizedradio emission of NGC 6946at � � � � cm (VLA, � � � � synthesizedbeam),combined
with the extendedemissionobserved with theEffelsberg 100-mtelescope( � � � � resolution)andsuperimposedonto
anopticalimagefrom thePOSS.Thelengthof � –vectorsisproportionalto polarizedintensity (from [12])
2b (ri ght) Polarizedradio emission of NGC 6946at � � ! � � cm (VLA, � � � � synthesizedbeam).Comparison with
Fig. 2arevealsregionsof Faradaydepolarization,especially in thesouthernandwestern partsof thegalaxy (Beck,
in prep.)

At centimeterwavelengthsFaradayrotationanglesof thepolarizationvectorsvary with � " . Typical
interstellarrotationmeasuresof # 50 $ % & ' ( " leadto � � ¦ rotationat � � cm and * ¦ at � * cm. Below
about � * cm Faradayrotationis so small thatthe � –vectors(ie. theobserved + –vectorsrotatedby , � ¦ )
directly tracetheorientationof theregularfield in thesky plane.To detectsmall rotationmeasures,
observationsat thelargestpossiblewavelengthin theFaraday-thinregime arerequired,e.g. � - � * cm.
Such systems are availableat theEffelsberg, ATCA and WSRT telescopes,but not yet at theVLA.

At decimeter wavelengthsFaradaydepolarizationsignificantlyaffectsthepolarizedradio
emission[7,8]. DifferentialFaradayrotationalong theline of sight leadsto zeropolarizedintensity
(“Faradayshadows”) at certainwavelengthswheretheobserved rotationof thepolarizationangle
reachesmultiples of , � ¦ . Hence,filamentsof vanishingpolarizedintensity, accompaniedby , � ¦ jumps
in polarizationangleacrossthefilament,do not indicateregionswith vanishingelectrondensityor
vanishingfieldstrength.

Polarizationsurveys in our Galaxy have revealedvariousfeaturesin theforegroundFaraday
screen[9–11]. This opensanew window to study thesmall-scalefield structures.However, true
featureshave to bedistinguishedfrom Faradayshadows by mappingin several nearbyfrequency
channels.For example,somesmall featureswith zeropolarizedintensityin NGC 6946at � � � cm
(Fig. 2b) disappearat � � �

cm andhenceareonly “shadows”.

Randomfields cause“Faradaydispersion”,and only polarizedemissionfrom an upperpart of thedisk
or thehalo isdetected.Largeregionsof agalaxycanbedepolarizedcompletely (Fig. 2b). HereFaraday
rotationanglesdo nolongervary linearly with � " and �  is no longerproportionalto theregularfield
strength.Theobserved �  may even changeits signwithout a reversalin field direction[7].
Nevertheless,polarizationdataat longwavelengthscontainvaluableinformations: Observationsat
several nearbywavelengthstracedifferentlayersof thegalaxyandthusallow galactic tomography.
(Note,however, thatthethicknessof theobservable layerincreaseswith frequency.)
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3 Magnetic field strengths

The averagestrengthof thetotal . � 	 
 � / andtheresolvedregularfield . � 0 
 � / componentsin theplane
of thesky canbederived from thetotal and polarizedradiosynchrotronintensity, respectively, if
energy-densityequipartitionbetweencosmic raysandmagneticfields or minimum total energy density
is assumed. Thestandardminimum-energy formulaegenerallyuseafixedintegrationinterval in radio
frequencyto determine thetotal energy densityof cosmic-ray electrons.Thisproceduremakesit
difficult to compareminimum-energy fieldstrengthsbetweengalaxiesbecauseafixed frequency
interval correspondsto differentelectronenergy intervals, dependingon thefield strengthitself. When
insteadafixed integration interval in energy is used,theminimum-energy andenergy equipartition
estimatesgive similar valuesfor . � � � �	 
 � / , where � is thesynchrotronspectralindex (typically # � � , ).

The resultingestimateof . � � � �	 
 � / 1 2 3 � � � 4 is larger thanthemeanfield . � 	 
 � / if thefieldstrengthvaries
alongthepathlength.If, on theotherhand,thefieldhasavolume filling factor 5 of smaller than1, the
equipartitionestimateis smaller thanthefield strengthin thefilamentsby a factor 5 1 2 3 � � � 4 [13].
Nothing isknown about 5 yet.

Themeanmagneticfield strengthfor thesample of 74 spiral galaxiesis . � 	 
 � / � , 6 G (0.9 nT) with a
standarddeviation of * 6 G [14]. In nearbygalaxiestheaveragetotal fieldstrengthsin thegalacticplane
(correctedfor inclination)rangebetween . � 	 / # 7 6 8 in M33 [15] and # � � 6 8 in M51 [16]. In spiral
arms thetotal field strengthscanreach# � � 6 8 locally, like in NGC 6946[17], M51andM83.
Interactinggalaxieshosteven strongermagneticfields,probablylargerthantheequipartitionvalues[2].
Thestrongestfield within anormal galaxyfoundsofar is that in thecircumnuclearring of NGC 1097
with � 	 # 7 � 6 8 [18]. Thestrengthsof theresolvedregularfields � 0 aretypically 1–5 6 8 locally, but# � * 6 8 in aninterarmregion of NGC 6946(Sect.6); thesearealwayslower limits dueto thelimited
angularresolution.

4 Magnetic fields and gasclouds

Comparisonof themapsof thetotal radioemissionof M51 [19] andthetotal (cold + warm) dust
emission[20] revealsasurprisinglycloseconnection.To understandits origin it is crucial to consider
thestrong(probablydominant) influenceof thefieldstrengthon radiointensity. Magneticfields are
obviously anchoredin gascloudswhich are tracedby thedust.Remarkably, onedustlanecrosses the
easternspiral arm of M51,andso doesthetotal field. Furthermore, thetotal radioandfar infrared
luminositiesof galaxiesare tightly correlated.The correlationcanbeexplained,globally andlocally
andwith thecorrectslope,by aclosecouplingof magneticfields to gasclouds[3,5]. The radio–
far-infaredcorrelationwithin M31 indicatesthatthecoupling isvalid evenfor themore diffusegas
mixed with cool dust[5]. Thedetailedcomparisonbetweenthetotal synchrotronintensityandthecool
gas( 9 :  � 9 " ) in aspiralarm of M31 confirmeda couplingof themagneticfield to thegas[21]. The
total field strength � 	 is high in spiralarmsbecausethegasdensityis highestthere.

The correlationbetweengasand regular fields is lessobvious. Long,prominentdustlanesareoften
connectedto featuresof regularfields,e.g. in M83(Fig. 1), in theanomalousarmof NGC 3627[22]
andin flocculentgalaxieslike NGC 4414(Fig. 3). On theotherhand,regularfields are sometimes
observed in interarmregionswith very little gasor dust(Sect.6).

5 Magnetic field structur e

Grand-designspiralgalaxiesare shapedby densitywaves,but therole of magneticfields isyet
unknown. Strongshocksshouldcompressthemagneticfield andincreasethedegreeof radio
polarizationon theinneredgesof thespiralarms. Radio observations,however, show a larger variety of
phenomenae.

The total radiointensityshows thetotal (=regular+random) field, thepolarizedradiointensitythe
resolvedregularfield only. Thestrongesttotal and regularfields in M51arefoundat thepositionsof the
prominentdustlaneson theinneredgesof theopticalspiralarms [19], asexpectedfrom compression
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Figure3: Polarizedradio emissionof theflocculent galaxy NGC 4414at � ; � � cm(VLA, � � � � synthesizedbeam),
superimposed onto an optical H < imageobtainedby C. Horellou. The length of � –vectors is proportional to
polarizedintensity (Soidaet al., in prep.)

by densitywaves,but theregularfields extendfar into theinterarmregions. In M83(Fig. 1) thetotal
andpolarizedemissionpeakon theinneredgeof thenorthernopticalarm; in thesouthernarmthetotal
emissionshows noshift with respectto theopticalarm, while thepolarizedemissionis stronglyshifted
into theinterarmregion betweenthesouthernarmand thebar. NGC 1566[23] andM81 [24] show
almost no signsof field compression;their strongestregularfields occurin interarm regions, while the
total field is still highestin theopticalspiralarms. Field tanglingin thespiralarms,e.g. dueto
increasedturbulentmotionsof gascloudsandsupernova shockfronts,may explain this result[25]. In
some cases,however, theinterarmfieldsareconcentratedin “magneticarms” which cannotbe
explainedby thelack of field tangling(seeSect.6).

Radio polarizationobservationsshow thatthe � –vectorsof theregularfields largely follow theoptical
spiralstructurein M51 [16,19],M81 [24], M83 (Fig. 1) and NGC 1566[23], thoughgenerallyoffset
from theopticalarms. In thedensity-wave picturethemagneticfield is frozeninto thegascloudsandis
transportedby thegasflow. Thusthefield orientationshouldreflectthestreaming linesof thegas,not
thestructureof thespiralwave itself. Thepitch anglesof thestreaming linesaresmall in interarm
regionsandlarger in spiral arms (thoughstill smaller thanthatof thespiralwave). However, the
observed pitch anglesof theregularfield arelargerthanthoseof thestreaming linesalmost everywhere.
In theinterarmregionsof NGC 6946thefield pitch angleis # � � ¦ [26], while thegasflow is almost
azimuthal. Hence,theregularmagneticfield is not frozeninto thegasflow, but probablymodified by
turbulentdiffusion[27] and/orshapedby dynamo action(Sect.7).

Regularspiralmagneticfields with strengthssimilar to thosein grand-designgalaxieshave been
detectedin flocculentgalaxies(Fig. 3) and evenin irregulargalaxies(Fig. 4). Themeandegreeof
polarization(correctedfor differentspatialresolutions)is similar betweengrand-designandflocculent
galaxies[28]. Apparently, densitywaves have arelatively small effect on thefieldstructure.

In our Galaxy several field reversalsbetweenthespiral arms,on kpc scales,have beendetectedfrom
pulsarrotationmeasures[29,30]. Polarizationobservationsof some externalgalaxieshave sufficiently
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Figure4: Polarizedradio emission of the irregular galaxy NGC 4449at � � � � cm (VLA, � = � � synthesizedbeam),
combinedwith the extendedemission observed with the Effelsberg 100-mtelescope( � � � � resolution), and super-
imposedonto an optical H < imageobtainedby D. Bomans. Thelength of � –vectorsis proportionalto polarized
intensity (from [31])

high spatialresolution,but similar reversalshave not yet beendetectedin themapsof rotation
measures,e.g. within themain emission“ring” of M31 (Fig. 5). For othergalaxieslike M51,M83and
NGC 6946theevidenceagainstreversalsisweaker but still significant.Field reversalsmayoccur
preferablyin galaxieswith lessorganizedspiralstructure.Anotherexplanationis that pulsarRMs in the
Galaxy tracethefield neartheGalacticplanewhile RMs in externalgalaxiesshow theaverageregular
field alongthepathlengththroughthe“ thick disk” (seeSect.8).

Thereis increasingobservational evidencethatmagneticfields are importantfor theformationof spiral
arms. Thestreaming velocity anddirectionof gascloudsandtheir collision ratescanbemodified.
Furthermore,magneticfields will alsoinfluencethestar formation ratesin spiralarms. Magneticfields
areessentialfor theonsetof starformationas they allow to removeangularmomentumfrom the
protostellarcloud duringits collapse.

6 Magnetic spiral arms

Longarmsof polarizedemissionwerediscovered in IC 342[32,33]. Observationsof anothergas-rich
galaxy, NGC 6946[12], revealedasurprisingly regulardistribution of polarizedintensitywith two
“magneticarms” locatedin interarm regions,without any associationwith cool gasor stars,running
parallelto theadjacentopticalspiralarms (Fig. 2a).Thesemagneticarms do not fill theentireinterarm
spaceslike thepolarizedemissionin M81,but are only # � � �

–1000pc wide.Thefields in themagnetic
armsmust be almost totally aligned, and thepeakstrengthof theregularfield is # � * 6 8 . Magnetic
armshave alsobeenfoundin M83 (Fig. 1,southof thebar)andin NGC 2997[34].

Themagneticarms cannotbeartifactsof depolarization.Firstly, their degreeof polarizationis
exceptionallyhigh (up to 50%). Secondly, they look quitesimilar at � � cm and � * cm. Thirdly, they are
alsovisible as peaksin total emission,which excludestheir existencesolely dueto awindow in
geometricaldepolarization(small field tangling).
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Figure5: Total intensity of M31 at � � � ; cm(Effelsberg100-mtelescope,smoothedto ; � resolution),andmagnetic
field orientationsat � � resolution. Faradayrotation hasbeencorrectedwith help of Effelsberg data at � � � � � cm
with � � resolution. Thelength of vectorsis proportionalto polarizedintensity (Berkhuijsen,Beck& Hoernes, in
prep.)

Westill donot understandhow magneticarmsaregenerated.It wasproposedthatthey couldbe
manifestationsof slow MHD waveswhich maypropagatein a rigidly rotatingdisk, with themaxima in
field strengthphase-shiftedagainstthosein gasdensity[35]. However, all galaxieswith magneticarms
rotatedifferentiallybeyond 1–2kpc from thecentre.Some correlationexistsbetweenthemagneticarms
andinterarmgasfeaturesgeneratedin numericalmodelsof perturbedgalacticdisks[36]. However,
suchmodelsneglect theeffectof magneticfields. In dynamo models,usingthereasonableassumption
thatthedynamo numberis largerbetweentheopticalarms thanin thearms [37], magneticarms evolve
betweentheopticalarms in adifferentially rotatingdisk [26,38,39]. However, theback-reactionof the
field ontothegashasnot beenconsideredyet in present-daydynamo models.In themagneticarms the
energy densityof thefieldmay exceedthatof thelarge-scalegasmotion and thusdistort thegasflow.

7 Faraday rotation and dynamos

Regularmagneticfields could in principle be shapedby gasflowsanddensitywaves.Faradayrotation
measures( �  ) are essentialto distinguishbetweencoherentandincoherentfields. In anincoherent
field theRMsarerandomandshow no large-scalestructure.Observation of RM coherencyon a large
scale,like in M31 [6,40], NGC 6946[41] andNGC 2997[34], meansthatthefield wascoherent
alreadybeforecompression,andhencetheremustbe anotherphysicalmechanism(dynamo or
primordial origin) to generatesuchan orderedfield. Therole of densitywaveswould thenbe restricted
to thealignmentof thelarge-scalecoherentfield with thespiral arms.

Thestrongestevidencefor dynamo actioncomesfrom M31 (Fig. 5). Radio observationsof M31
revealeda20kpc-sizedtorusof magneticfields alignedin a single direction[40]. Only thedynamo is
ableto generateaunidirectionalfieldof suchdimensions.RMs from polarizedbackgroundsources
confirmedthis picture[6]. Theregularfield existsalsointerior to theprominent “ ring” andextendsout
to at least25 kpc radius.

Dynamos are promising candidatesto generatecoherentfields,evenin galaxieswithout densitywaves.
The linearmean-field dynamo [13,42] generatesmagneticfield modeswhich have spiralstructuredue
to their azimuthal andradialfieldcomponents.The pitch angleof thefield spiraldependson the
dynamo number, not on thepitch angleof thegasspiral. Thefield structureisdescribedby modesof
differentazimuthal andverticalsymmetry; in generalasuperpositionof modesis generated.A
large-scalepatternin mapsof Faradayrotationmeasures(RMs) revealsthedominanceof asingle
dynamo mode[43]. A single-periodicazimuthal RM variation (with aphaseequalto thepitch angleof
thespiral structure)indicatesadominatingaxisymmetric dynamo mode(ASS, > � �

), asin
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M31 [6,40] andIC 342[32]. Double-periodicazimuthal RM variationsindicateadominating
bisymmetric dynamo mode(BSS, > � � ) if their phasesvary with radialdistanceasexpected[43], as is
thecasefor M81 [24] andpossiblyM33 [15]. TheinteractinggalaxyM51 is aspecialcase.Analyzing
all available polarizationangledata,thefield in M51canbedescribedasmixed modes(MSS), with
axisymmetric andbisymmetric componentshaving aboutequalweightsin thedisk, togetherwith a
horizontalaxisymmetric halofield with oppositedirection[44]. Themagneticarms of NGC 6946may
betheresultof asuperpositionof theASSand thequadrisymmetric ( > � �

) modes,while theBSS
modeis suppressedby thetwo-armedspiralstructureof thegas[26]. In many othergalaxiesthedata
arestill insufficient to allow afirm conclusionwhetherthelarge-scalepatternof theregularfield is even
more complicatedor thedistribution of thermal gasis non-axisymmetric sothattheRMsaredistorted.

Thesimilarity of pitch anglesbetweenthedynamo-wave and thedensity-wave spiral is not self-evident
andindicatestheexistenceof some interactionbetweenthem. Futuredynamo modelshave to include
densitywaves and theback-reactionof thefield.

By comparingthesignsof theRM distribution and thevelocity field, inwardand outwarddirectionsof
theradialcomponentof thespiral magneticfield canbedistinguished.Surprisingly, all known ASS
fields (M31, IC 342,NGC 253)andtheMSS field in NGC 6946point inwards. Dynamo actiondoesnot
preferonedirection.This indicatessome asymmetry in theinitial seedfield andexcludessmall-scale
seedfields [41], possiblyacosmologically relevant result.A largerdatabaseis needed.

8 Edge-ongalaxiesand radio halos

NGC 891,NGC 5907andNGC 7331andotheredge-ongalaxiespossessthick radio diskswith # � kpc
scaleheights.In thesegalaxiestheobserved fieldorientationsaremainly parallel to thedisk [45].
NGC 4565hasthemost regularplane-parallelfield [46]. Bright, extendedradiohalos(with scale
heightsof severalkpc) are rare.NGC 253is theedge-ongalaxywith thebrightestandlargesthalo
observed so far [47]. Theirregularappearanceof theNGC 253halois mainly dueto thelower
sensitivity comparedwith themapof NGC 4631.The regularmagneticfield in thedisk of NGC 253is
alsopredominantly parallelto theplane[48] which may bedueto strongdynamo actioneven closeto
thecentre.Someradiospurswith vertical field linesemergefrom theouterdisk.

NGC 4631,NGC 4666andM82 arehalo galaxieswith dominatingverticalfield components[49–52].
Magneticspursin thesehalosare connectedto star-forming regionsin thedisk. Thefield is probably
draggedoutby thestrong,inhomogenousgalacticwind. Evidencewasfoundfor adirectdependenceof
thehalo extenton thelevel of energy inputfrom theunderlyingdisk [53]. Themagneticfield linesin
theNGC 4631halohave adipolar structure(Fig. 6) in theinnerdisk wheredifferentialrotationisweak
sothatthedipolar (antisymmetric) dynamo modecanevolve. A few regionswith field orientations
parallelto thedisk arevisible in the(differentiallyrotating)outerdisk. Mapsof rotationmeasuresare
requiredto testthedipolar model.

In theplanesof edge-onspiral galaxiestheobserved polarizedemissionis weakdueto depolarization
effects.Faradaydepolarizationaloneis insufficient to explain thelow degreesof polarizationnearthe
planeof NGC 4631[50]. Thefield structurein theplaneismostly turbulentdueto star-forming
processes,causingdepolarizationalong theline of sightaswell asacrossthetelescopebeam[45]. The
degreeof polarizationat high frequenciesincreaseswith increasingdistancefrom theplanebecausethe
star-forming activity andthusthefield turbulencedecrease.

9 Barr ed galaxies

Gasand starsin barredgalaxiesmove in highly noncircularorbits.Gasstreamlinesarestrongly
deflectedin thebar region alongshockfronts,behindwhich thegasiscompressedin a fastshearing
flow [54]. As thegasin thebarregion rotatesfasterthanthebar, compressionregionstracedby massive
dustlanesdevelop along theedgeof thebar that is leadingwith respectto thegalaxy’s rotation.Gas
inflow along thecompressionregion may fuel starburstactivity in adensering nearthegalacticcentre,
althoughit is not clearhow thegascangetrid of its angularmomentumbeforefalling into theactive
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Figure6: Total radioemission and � –vectorsof polarizedemission of NGC 4631at � � � cm (VLA, ? � � � syn-
thesizedbeam).The � –vectorshave beencorrectedfor Faradayrotation, their length is proportionalto polarized
intensity (Krause et al., in prep.)

nucleus.Theeffectsof magneticfields on gasflows in barredgalaxieshave not yet beenaddressedin
models.

¿From asample of galaxieswith strongopticalbarsobserved with theEffelsberg, VLA and ATCA
telescopes,thestrongestregularmagneticfieldsweredetectedin NGC 1097,NGC 1365,NGC 4535
andNGC 7479.NGC 1097andNGC 1365arebarredgalaxiesof morphologicaltypeSBbcwith their
barslying almostin theplaneof thesky so thatspectroscopicobservationsof theshearinggasflow are
very difficult.

Thegeneralsimilarity of the � –vectorsin NGC 1097(Fig. 7) and gasstreamlinesaroundthebar as
obtainedin simulations[54] is striking. This suggeststhattheregularmagneticfield is alignedwith the
shearingflow. Weobserve ridgesof enhancedtotal magneticfieldswhich coincidewith theopticaldust
lanes.Theupstreamanddownstreamregionsof enhancedpolarizedemissionareseparatedby a strip of
zeropolarizedintensity, thelocationof theshockfront, wheretheobserved � –vectorschangetheir
orientationabruptly (Fig. 7). This large deflectionangleleadsto geometrical depolarizationwithin the
telescopebeambecausethestrip wherethefield changesits directionis narrower thanthespatial
resolutionof our observations. Our polarizationobservations imply thattheshockfront in themagnetic
field is located700–900pc in front of thedustlanes,in contrastto conditionsin classicalshocks.
Furthermore, the degreeof field alignment is largestupstream(with adegreeof polarizationof up to
50%, right half of thebar in Fig. 7), not downstream. This indicatesthattheshockgeneratesfield
turbulence.Numerical modelsincludingmagneticfields are required.Strongdeflectionsof the� –vectorsare alsoobserved in thebarof M83 (Fig. 1) and in NGC 1672(Fig. 8).

The circumnuclearring of NGC 1097is asite of ongoingintensestar formation, with anactive nucleus
in its centre.Thelocal equipartitionstrengthsof thetotal andregularmagneticfields are � 	 # 7 � 6 G
and � 0 # @ 6 G in thering. Thefield strengthreachesits absolutemaximum wherethecompression
region intersectswith thering. The regularfield swingsfrom alignmentalong thebar to a spiral pattern
nearthering [18]. In contrastto thebar, conditionsfor dynamo actionare ideal in thering. The
orientationof theinnermostfield agreeswith thatof thespiral dustfilamentsvisible in theopticalHST
image.Magneticstressin thecircumnuclearring candrive massinflow to feedtheactive nucleusin
NGC 1097.
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Figure 7: Total emission and � -vectors of polarizedradio emission of the southernhalf of the barredgalaxy
NGC 1097at � ; � � cm(VLA, � � � � synthesizedbeam),superimposedonto an optical imageof H. Arp (MPE/Cerro
Tololo). The length of � –vectorsisproportionalto thedegreeof polarization. (from [18])

Our resultshave revealedaprincipal differencebetweenthebehavioursof magneticfields in barredand
non-barredgalaxies.In barsthemagneticfield appearsto interactstronglywith thegasflow. In
non-barredgalaxiesthefield linesareof overall spiralshapesothattheregularfieldsdo not follow the
gasflow, which is typical for dynamo-generatedfields.

10 Open questions

All gas-richgalaxies,evenirregularones,hostfieldsof # � nT strength.If thefieldsdo not fill the
wholeinterstellarspace,they areeven stronger. Thedynamical importanceof magneticfields in
galaxiescannotbe neglectedanymore. Increasingresolutionof theradiotelescopesand higher
sensitivity of thereceiver systems revealedaspectrumof features:On largestscales,extendedspiral
fields of differentsymmetry modeswerefound,typical signaturesof dynamo action.How thefield can
adoptasimilar pitch angleas thatof theopticalspiral remainsamystery. Thepreferredinward
directionof axisymmetric fields, if confirmedby futureobservations,also awaitsexplanation.On
intermediatescales,“magneticarms” betweentheopticalspiralarms (Figs.1,2a) arestill puzzlingas
they seemto bedisconnectedfrom thegas.On theotherhand,fields canalsobealignedby gasflows in
density-wave and barpotentials.Theunexpectedlocationof theshockfront in abarredgalaxy(Fig. 7)
tells usthatstrongmagneticfields interactwith thegasflow, but detailsarestill unobservable. Radio
halosare theresultof magneticfields pulledoutwardsby galacticwinds.Alternatively,
dynamo-generateddipolarfields (Fig. 6) may enhancethewind. Somestructuresin radiohalosshow
similarities to thosein thesolarcorona:loops,spurs[50] andpossiblycoronalholes[17].
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Figure 8: Total emission and � -vectorsof polarizedradio emissionof the barredgalaxy NGC 1672
at � � � �

cm (ATCA,
� � � � synthesizedbeam), superimposedonto a Digital Sky Survey (DSS) optical

image. The lengthof � –vectorsis proportional to the polarizedintensity (Ehle, Haynes,Beck et al.,
unpublished)

11 Limitations of present-day polarization observations

Regularfields in galaxiesshow structureson kiloparsecscaleswhich canbeobserved with present-day
radiotelescopes.Typical polarizedintensitiesat � � cm are50–1006 Jy per � � � � beam(VLA D
configuration,smoothed).In caseof equipartitionbetweencosmic-ray and magneticfield energy
densitiesandassuming a constantfield strengthalong apathlengthof 1 kpc, theseintensitiescorrespond
to regularfields of 5–6 6 8 strength.The � � � � beamcanresolve only 730pcat 10Mpc distance,thusthe
detailedfieldstructureremainsunexplored.With thenext higherVLA configuration( # � � � beam) the
polarizedintensitydropsto 5–106 Jy perbeamwhich cannotbedetectedwithin reasonabletime. For
example,only thecircumnuclearring of NGC 1097is visible in polarizedemissionat � � cm and � * cm
with theVLA C-configuration.Within theopticalspiralarmspolarizedemissionis evenlower dueto
field tanglingon scalesof 10–100pc. Hence,while theVLA in principleprovidessufficiently high
angularresolution,its sensitivityis too low to studythedetailedfield structure.

Anotherlimitation isgalacticdistance.Thoughradiointensityperunit beamsizeis
distance-independent, moredistantgalaxiescanbeobserved with thesame signal-to-noiseratio only as
long asthespatial resolutionis sufficient to resolve them. If thelarge-scalestructureof themagnetic
field is not fully resolved,polarizedintensitydecreasesdueto geometricaldepolarizationacrossthe
beam. Thecurvatureof aspiralfield is significantbeyondascaleof # � kpc, thuswe losepolarized
intensityperstandard� � � � beamfor galaxiesbeyond # @ �

Mpc distance.Again,usingthe next larger
VLA configurationdoesnot helpbecausetheintensitydropsby a factorof # � �

. Hence,polarization
observationsof distantgalaxiesare sensitivity-limited, too.

With theSquareKilometer Array thefield structurescouldbe observed of 10x moredistantgalaxies
which are several Gyr youngerthanthenearbyobjects.Thedynamo timescaleis some � � A yr [13] so
thatweaker or lessregularfieldsmay beexpectedat larger distances.Using Faradayrotationmapping,
evenyoungergalaxiescanbeobserved (seebelow).
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Faradayrotationmeasuresof backgroundsourcescantracemagneticfields to largerradii thanpolarized
intensity. Within thedisks,theratio betweeninternal �  andbackground�  allows todetectfield
reversalsalong theline of sight. However, thenumberof available sourcesis very low. In theM31field
( # � � � squaredegrees)only 22 backgroundsourceswith polarizedflux densitieshigherthan0.3 mJy
were foundat � � �

cm within 1 hourVLA on-sourceobservation time [6]. In amuch smaller field like
thatof NGC 6946,thenumberof available sourcesdropsto lessthan1. Evenwithin several hours
observation timeonly a few polarizedbackgroundsourcesaredetectable.Themuchbettersensitivity of
theSKA will allow for thefirst time asystematic RM mappingof galaxies.

Signaturesof a regularfield with abisymmetric spiralstructureweredetectedin theintervening
( B � � � * , � ) galaxyin front of PKS1229–021[55]. TheSKA will allow suchstudiesof themagnetic
field structurein very younggalaxieswith higherresolutionand much bettersensitivity.

12 Prospectsfor the Square Kilometer Arra yC High-resolutionpolarizationmappingat centimeterwavelengths:

– Polarizedintensitiesat differentspatialresolutionsto obtaintheturbulencespectrumof the
regularfield, to be comparedwith modelsof field generationand destruction

– Detailedcomparisonbetweenmagneticfieldsand gascomponentsof varioustemperatures
anddensities:Which gascomponentsinteractwith thefield?

– Detailedcomparisonbetweenfieldsand thegasflow in star-forming regions,spiral arms,
bars,centralrings: Whattanglesthefield?Whereis thefield frozeninto thegasflow, where
doesit diffuseaway?

– Field structurein halos:Searchfor loops,streamers,coronalholesandindicationsfor
magneticreconnection

– Needed:Systems in theFaraday-thinregime ( D � GHz)C High-resolutionpolarizationmappingatdecimeter wavelengths:

– Field structurein theforegroundFaradayscreen

– ISM tomography

– Needed:Systems with a largenumberof bands(0.3–2GHz)C High-resolutionFaradaymapping:

– Directionof axisymmetric spiralfields

– Searchfor field reversalsin disks

– Reversalsin halos:Wind or dynamo?

– Polarizedbackgroundsources:Extentof nearbymagneticdisks

– Distantpolarizedradiogalaxies:Field structurein intervening galaxies

– Needed:Systems between2 GHz and10 GHzC High-resolutionZeemanmapping(beyondthescopeof this paper)
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